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ABSTRACT Pseudomonas aeruginosa has four Na+/H+ antiporters that interconvert and balance Na+
and H+ gradients across the membrane. These gradients are important for bioenergetics and ionic
homeostasis. To understand these transporters, we constructed four strains, each of which has only
one antiporter, i.e., NhaB, NhaP, NhaP2, and Mrp. We also constructed a quadruple deletion mutant
that has no Na+/H+ antiporters. Although the antiporters of P. aeruginosa have been studied previously,
the strains constructed here present the opportunity to characterize their kinetic properties in their
native membranes and their roles in the physiology of P. aeruginosa. The strains expressing only NhaB
or Mrp, the two electrogenic antiporters, were able to grow essentially like the wild-type strain across a
range of Na+ concentrations and pH values. Strains with only NhaP or NhaP2, which are electroneutral,
grew more poorly at increasing Na+ concentrations, especially at high pH values, with the strain
expressing NhaP being more sensitive. The strain with no Na+/H+ antiporters was extremely sensitive
to the Na+ concentration and showed essentially no Na+(Li+)/H+ antiporter activity, but it retained most
K+/H+ antiporter activity of the wild-type strain at pH 7.5 and approximately one-half at pH 8.5. We also
used the four strains that each express one of the four antiporters to characterize the kinetic properties
of each transporter. Transcriptome sequencing analysis of the quadruple deletion strain showed
widespread changes, including changes in pyocyanin synthesis, biofilm formation, and nitrate and
glycerol metabolism. Thus, the strains constructed for this study will open a new door to understanding
the physiological roles of these proteins and their activities in P. aeruginosa.
IMPORTANCE Pseudomonas aeruginosa has four Na+/H+ antiporters that connect and interconvert its
Na+ and H+ gradients. We have constructed four deletion mutants, each of which has only one of the
four Na+/H+ antiporters. These strains made it possible to study the properties and physiological roles
of each antiporter independently in its native membrane. Mrp and NhaB are each able to sustain growth
over a wide range of pH values and Na+ concentrations, whereas the two electroneutral antiporters,
NhaP and NhaP2, are most effective at low pH values. We also constructed a quadruple mutant lacking
all four antiporters, in which the H+ and Na+ gradients are disconnected. This will make it possible to
study the role of the two gradients independently.
KEYWORDS Na+/H+ antiporters, Pseudomonas aeruginosa, energy metabolism, ion transporters
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P

seudomonas aeruginosa is a widely prevalent bacterium that occurs naturally in many
terrestrial and aquatic environments, including soil, vegetation, and both freshwater and
saltwater habitats (1–3). In addition, P. aeruginosa is an opportunistic pathogen that can infect a
variety of hosts and host infection sites in both plants and animals (4, 5). This ability to proliferate
in a wide range of environments is due in large part to its ability to maintain homeostasis in the
face of variable external conditions, that is, to keep an environment inside the cell that is favorable
for biochemical physiology and sustaining bioenergetics, the processes that produce energy from
the environment.
Homeostasis and bioenergetics are both highly dependent on enzymes that transport ions
across the inner cell membrane. Respiratory enzymes translocate H+ and Na+ across the
membrane, creating electrochemical ion gradients that provide energy to make ATP and to drive
other processes, such as import of nutrients and expulsion of waste (6). Antiporters exchange ions
across the membrane, providing the cell a way to interconvert gradients of different ions (7). For
example, Na+/H+ antiporters may export Na+ from the cell with driving force obtained by importing
H+, thus building up the Na+ gradient at the expense of the H+ gradient, or vice versa (8).
Together, the respiratory enzymes and antiporters keep the concentrations of biologically
important ions inside the cell within a necessary range despite external variations and also sustain
the electrochemical ion gradients that are needed to produce energy (7, 8).
P. aeruginosa has four Na+/H+ antiporters, namely, NhaP, NhaP2, NhaB, and Mrp (9–12).
NhaP was the first Na+/H+ antiporter identified in P. aeruginosa. (This class of antiporter was first
found in P. aeruginosa [hence the “P” in its name], although it has subsequently been found in
other bacteria [9].) It is thought to catalyze electroneutral exchange with a transport stoichiometry
of 1 Na+ to 1 H+ (13) and to be highly specific for Na+ and H+, with almost no ability to transport
other ions (9, 10).
NhaB, the second Na+/H+ antiporter identified in P. aeruginosa, is best known as one of the
main antiporters in Escherichia coli (14). The enzyme in P. aeruginosa shares 62% identity with its
counterpart in E. coli. NhaB from P. aeruginosa has maximum activity at pH 8.0 and is less ion
specific than NhaP, with the ability to translocate Li+ as well as Na+ (10). NhaB from Escherichia
coli has an exchange stoichiometry of 3 H+ to 2 Na+ (15). This unequal stoichiometry means that
ion exchange by this enzyme is electrogenic, that is, the electrical component of the membrane
gradient can contribute to the driving force (or load) for ion transport. NhaB from P. aeruginosa is
thought to have the same stoichiometry. NhaP2 was also originally identified in P. aeruginosa (11)
but has since been found in other bacteria. The corresponding enzyme from Vibrio cholerae,
which shares approximately 65% identity with the P. aeruginosa enzyme, is able to transport K+ as
well as Na+ and has maximum activity under more acidic conditions (16), thus potentially
complementing NhaB, which is most active under more alkaline conditions. NhaP2 been shown to
contribute to the virulence of P. aeruginosa toward barley (11). Mrp is named as a member of the
multiple resistance and pH family of antiporters (alternatively designated Sha or Mnh) (12, 17).
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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Unlike the three other Na+/H+ antiporters of P. aeruginosa, which are single-subunit enzymes, Mrp
is made up of six subunits (12). The Mrp from P. aeruginosa has been expressed in E. coli, where
it was found to have optimal Na+/H+ antiporter activity at pH 8.0 to 8.5 (12). This is consistent with
results on the Mrp antiporter from other bacteria. The Mrp from V. cholerae has maximal cation/H+
antiporter activity at alkaline pH and is proposed to catalyze an electrogenic exchange (18). More
recently, a structural determination of the Mrp from Anoxybacillus flavithermus (∼35% homology)
identified probable Na+ and H+ pathways in the structure, indicating an exchange stoichiometry of
2 H+ to 1 Na+ and suggesting a role for Mrp in pH homeostasis under alkaline conditions (19).
Operons coding for Mrp have been identified in many different bacteria, including several
pathogens (20), and mutants of P. aeruginosa lacking mrpA have been found to be less efficient in
colonizing the lungs of mice (12).
Most of our knowledge about the P. aeruginosa Na+/H+ antiporters comes from studies in
which they were expressed heterologously in other bacteria (9, 10, 12), by inference from
research on the corresponding enzymes from other bacteria (15, 16, 18–21), and from
physiological studies of gene deletion mutants (11, 22). Here, we have constructed deletion
mutants in P. aeruginosa that each express only one of the four Na+/H+ antiporters, making it
possible to study their physiological roles in situ and their individual properties in their native
membranes.
RESULTS
Construction of Na+/H+ antiporter deletion mutants. Pseudomonas aeruginosa has four
different Na+/H+ antiporters, membrane proteins that all carry out the same general function,
exchanging sodium ions for protons across the cell membrane. As a first step toward
understanding the properties and physiological roles of the different Na+/H+ antiporters, it is
essential to be able to study each of them separately. Previously, this has been approached by
expressing individual antiporters from P. aeruginosa heterologously in an antiporter-free strain of
E. coli (9, 10, 12). However, our goal for the current project was to study the Na+/H+ antiporters of
P. aeruginosa in their native membranes. For this, we constructed four triple deletion mutants,
each of which can express only one of the four Na+/H+ antiporters, and also a quadruple deletion
mutant that does not express any Na+/H+ antiporters.
Three of the Na+/H+ antiporters, i.e., NhaB, NhaP, and NhaP2, each consist of a single
polypeptide encoded by a single gene (PA1820, PA3887, and PA5021, respectively). In these
cases, the deletion mutations were made by removing approximately the complete coding region
of each gene from the genome (see Materials and Methods). The multiple resistance and pH
antiporter, Mrp, is a multisubunit enzyme consisting of six polypeptides and in this case the gene
coding for a single one of the subunits, MrpA (PA1054), was removed, a mutation that had
previously been shown to be sufficient to inactivate the Mrp complex (12). The deletion mutants
constructed in this way were an NhaB-only strain (ΔnhaP ΔnhaP2 ΔmrpA), an NhaP-only strain
(ΔnhaB ΔnhaP2 ΔmrpA), an NhaP2-only strain (ΔnhaB ΔnhaP ΔmrpA), an Mrp-only strain (ΔnhaB
ΔnhaP ΔnhaP2), and an Na+/H+-antiporter-quadruple mutant strain (ΔnhaB ΔnhaP ΔnhaP2
ΔmrpA). Next-generation sequencing (NGS) was carried out on all of these deletion mutant strains
to confirm that the deletions were correct and to verify the fidelity of the entire remaining genome.
Na+/H+ antiporter activity and enzyme kinetics. The Na+/H+ antiporter activity of each of the
mutants was assessed by a fluorescence dequenching method using inside-out membrane
vesicles (see Materials and Methods). These vesicles are effectively small inverted pieces of the
complete inner bacterial membrane; therefore, in addition to the Na+/H+ antiporters, they include
the components of the respiratory chain. In this assay, the activity of the respiratory chain is used
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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to pump H+ from the outside to the inside of the vesicles, resulting in an electrochemical pH
gradient that builds up until the inward flow of H+ is balanced by outward leaks. The
accompanying increase in the external pH can be observed as a decrease in the fluorescence of
acridine orange. Na+/H+ antiporter activity is then initiated by adding Na+. This facilitates a flow of
protons back out of the vesicles to the external medium. The resulting drop in pH can be observed
as a restoration of acridine orange fluorescence (dequenching).
Example measurement runs using vesicles from wild-type P. aeruginosa and the quadruple
deletion Na+/H+ antiporter-less mutant are shown in Fig. 1. In the trace for the wild-type strain
(Fig. 1, left), when succinate is added, starting respiration, the fluorescence of the acridine orange
dye, which is initially at an approximately steady level, begins to slowly decrease (quenching) as
respiratory activity generates a H+ gradient and an increase in the external pH. Initially, the
external medium contains very little Na+, and at that point Na+/H+ antiporters cannot be active.
Next, NaCl is added, and the presence of Na+ outside the vesicles enables the Na+/H+ antiporters
to transport H+ out of the vesicles, competing with the inward transport of protons due to
respiration. This establishes a new steady-state pH in the external medium, which is seen as an
increase in acridine orange fluorescence (dequenching). The extent of this dequenching can be
used to assess the relative turnover rate of Na+/H+ antiporter activity. Finally, the addition of NH4Cl
abolishes the gradient completely, providing a ruler by which to gauge the magnitude of
dequenching due to Na+/H+ antiporter activity. The fact that addition of NH4Cl causes an
additional increase in fluorescence confirms that what is observed after NaCl addition is a kinetic
competition between two H+ transport processes, namely, uptake of H+ into the vesicles due to
respiration and outflow of H+ due to antiporter activity. Once this assay was established, it could
be repeated under different conditions to determine the kinetic parameters of the antiporter
reaction. Of particular interest, by varying the amount of Na+ added to initiate the reaction, we
were able to obtain Km and relative Vmax values (Fig. 1 and 2 and Table 1).

FIG 1 Cation/H+ antiporter activity measured by the acridine orange fluorescence quenching method for the wildtype (WT) P. aeruginosa strain and the antiporter deletion mutant in everted vesicles. Representative fluorescence
versus time traces for the Na+/H+ antiporter activity in the wild-type strain (WT) and the quadruple antiporter
deletion mutant (ΔnhaB ΔnhaP ΔnhaP2 ΔmrpA) are shown. The black arrows indicate the addition of 20 mM NaCl
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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Na+/H+

to stimulate
antiporter activity, and the blue arrows indicate the addition of 2 mM NH4Cl to collapse the
proton gradient. Fluorescence quenching is shown in arbitrary units.

FIG 2 Michaelis-Menten kinetics of the Na+/H+ antiporters of P. aeruginosa with varying NaCl concentrations at pH
7.5 (A) and pH 8.5 (B). Data for the wild-type (WT), NhaB-only, NhaP-only, NhaP2-only, and Mrp strains are shown.
Activities were averaged from two biological replicates with three technical replicates each, and error bars represent
the standard deviations.

In the case of the Na+/H+ antiporter-less mutant (quadruple deletion mutant) (Fig. 1, right) there
was almost no recovery of fluorescence after NaCl was added; almost all of the dequenching
occurred when NH4Cl was added. This result shows that effectively no Na+/H+ antiporter activity
remains in this mutant, thus also confirming that NhaB, NhaP, NhaP2, and Mrp are the only
enzymes in P. aeruginosa with significant Na+/H+ antiporter activity.
The availability of the four triple deletion mutants, each of which has only one of the four
+
Na /H+ antiporters, made it possible to use this assay to assess the properties of each of the
antiporters individually in their native membranes. For each of the four mutants, the assay was
repeated using a range of NaCl additions at two different initial pH values, using membranes
obtained from cells grown to early stationary phase. The resulting Na+ concentration dependence
data are shown in Fig. 2. Analysis of these data using a Michaelis-Menten model (Table 1) shows
that the four Na+/H+ antiporters are all functionally different. (Note that the Vmax values are not
enzyme turnover numbers; they represent activity in the membrane normalized to total protein.)
Interestingly, the two antiporters with the lowest apparent Na+ affinity at pH 7.5, i.e., NhaP (Km =
6.7 ± 0.6 mM) and NhaP2 (Km = 4 ± 1.6 mM), correspond to the two strains whose growth is most
sensitive to both Na+ and pH (see below). NhaP2 is notable for the large pH dependence of both
Km and Vmax. At pH 7.5, the activity of NhaP2 is similar to that of the other antiporters; at pH 8.5,
however, the activity is very low and the apparent Na+ affinity is too high for a good fit to be
obtained. This is consistent with earlier reports that NhaP2 is primarily important at low pH (16).

As described above, it has been reported that some of the four Na+/H+ antiporters in P.
aeruginosa are also able to transport other cations, with varying specificity. The triple antiporter
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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deletion strains provided an opportunity to corroborate this with the antiporters in their native
membranes. To this end, we repeated the activity assays, initiating antiporter activity by the
addition of either Li+ or K+ instead of Na+ (Fig. 3). As controls, we also analyzed membranes from
the wild-type strain and the quadruple mutant that lacks all Na+/H+ antiporters.

FIG 3 (A) Comparison of wild-type (WT) cation/H+ antiporter activities with those of the triple deletion mutants
(NhaB-only, NhaP-only, NhaP2-only, and Mrp-only strains) and the quadruple mutant (ΔnhaB ΔnhaP ΔnhaP2
ΔmrpA) at pH 7.5. (B) Comparison of wild-type cation/H+ antiporter activities with those of the triple deletion
mutants (NhaB-only, NhaP-only, NhaP2-only, and Mrp-only strains) and the quadruple mutant (ΔnhaB ΔnhaP
ΔnhaP2 ΔmrpA) at pH 8.5. Activities were averaged from two biological replicates with three technical replicates
each, and error bars represent the standard deviations.

Most of the deletion mutants have very little Li+ transport activity. The exceptions are the
mutant containing only NhaB, which shows significant Li+/H+ antiporter activity at both pH 7.5 and
pH 8.5, and to a lesser extent the mutant containing only NhaP at pH 8.5. The former is consistent
with previous reports (10) indicating that the ion specificity of NhaB extends to Li+ as well as Na+.
Membranes from the mutant without Na+/H+ antiporters show almost no Na+ or Li+ transport
activity but retain a significant fraction of K+/H+ antiporter activity, relative to the wild-type strain.
This is consistent with the presence of predicted K+/H+ antiporter genes in the genome of P.
aeruginosa. We have identified three putative K+/H+ antiporters remaining in the genome,
PA3660, PA3739, and PA5529, which are likely responsible for this activity. The presence of this
K+ transport activity also makes it impossible to evaluate the ion specificity of the Na+/H+
antiporters with respect to K+ using the strains constructed for this study.

https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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Growth of Na+/H+ antiporter deletion mutants. Balancing of H+ and Na+ ions inside and
outside the cell is important for homeostasis and also for energy production (chemiosmotic
bioenergetics). The results presented above show that the four Na+/H+ antiporters of P.
aeruginosa have differences in their maximum turnover rates (Vmax), apparent Na+ affinities (Km),
and pH dependences; therefore, it would be reasonable to expect that the triple deletion strains,
each with only one Na+/H+ antiporter, and the quadruple deletion Na+/H+ antiporter-less strain
may all have different growth properties when confronted with different pH and Na+ conditions. To
assess the pH and Na+ tolerance provided by each individual antiporter, we measured growth
curves for each of these five mutants, as well as the wild-type strain, under a range of pH and Na+
conditions. The growth curves are shown in Fig. 4; doubling times, lag times, and maximum cell
densities are collected in Tables S3 and S4 in the supplemental material, and these parameters
are summarized graphically in Fig. 4E to G.

FIG 4 (A) Effects of pH and NaCl on the growth of the wild-type P. aeruginosa strain and the triple antiporter
deletion mutants. Wild-type (WT), ΔnhaP ΔnhaP2 ΔmrpA, ΔnhaB ΔnhaP2 ΔmrpA, ΔnhaB ΔnhaP ΔmrpA, and
ΔnhaB ΔnhaP ΔnhaP2 strains were grown in LB medium with 50 mM, 170 mM, 300 mM, or 500 mM NaCl at pH 6.5,
7.5, or 8.5. (B) Growth comparison of the quadruple deletion mutant (ΔnhaB ΔnhaP ΔnhaP2 ΔmrpA) and the wildtype strain at pH 7.5 with 50 mM NaCl. (C) Growth of the quadruple mutant (ΔnhaB ΔnhaP ΔnhaP 2ΔmrpA) at pH
6.5 with 50 mM NaCl, 170 mM NaCl, 300 mM NaCl, or 500 mM NaCl. (D) Growth of the quadruple mutant (ΔnhaB
ΔnhaP ΔnhaP2 ΔmrpA) at pH 7.5 with 0 mM NaCl, 50 mM NaCl, or 170 mM NaCl. (E) Growth of the quadruple
mutant at pH 8.5 with 0 mM NaCl, 50 mM NaCl, or 170 mM NaCl. Changes in OD500 were measured using a Tecan
Infinite Magellan M1000 Pro plate reader during 20 h of growth at 37°C with continuous orbital shaking at 217 rpm.
The growth curves are the average from two biological replicates with three technical replicates each, and the error
bars represent the standard deviations. (F to H) Effects of NaCl at pH 6.5 (F), pH 7.5 (G), and pH 8.5 (H), plotted as
the changes in doubling time per hour.

https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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In the wild-type strain, it was clear that growth became slower as the NaCl concentration
increased, based on visual inspection of the growth curves. This is largely due to an increase in
the length of the initial lag phase and to the appearance of slower phases in the growth curve at
higher NaCl concentrations. (For this reason, the slowing trend is not as clear in the data in Tables
S3 and S4, in which a simple fit to the lag and initial growth phases was used.) The effect of
increasing NaCl concentrations appears smallest at pH 6.5 and increases at higher pH values.
Comparing growth curves for the wild-type strain recorded at any given NaCl concentration,
growth also becomes slower as the pH is increased, with the appearance of a longer lag (Fig. 4;
also see Tables S3 and S4).
Turning to the deletion mutants, one striking aspect of the data is that, under almost all
conditions of NaCl and pH, the growth curves for two of the single-Na+/H+ antiporter strains, i.e.,
the NhaB-only strain (ΔnhaP ΔnhaP2 ΔmrpA) and the Mrp-only strain (ΔnhaB ΔnhaP ΔnhaP2),
follow the wild-type strain consistently, with parallel increases in lag time and multiple growth
phases, such that the curves almost overlap. This suggests that NhaB and Mrp have similar NaCl
and pH dependences and that one or both of these antiporters is largely responsible for the overall
antiporter activity in the wild-type strain.
The other two strains, i.e., the NhaP-only strain (ΔnhaB ΔnhaP2 ΔmrpA) and the NhaP2-only
strain (ΔnhaB ΔnhaP ΔmrpA), both showed strong deviations from the wild-type growth curves
(Fig. 4A). The NhaP-only strain is the most strongly Na+ sensitive. At 50 mM NaCl and pH 6.5,
initial growth of this strain is similar to that of the wild-type strain but with a clear loss of cell
density in stationary phase. At pH 8.5, growth is slightly slower with a lower final cell density. At
170 mM NaCl and pH 7.5, this strain grows more slowly; the entire growth curve clearly falls
beneath the curves for the other strains, which cluster together. At 170 mM NaCl and pH 8.5,
growth of this strain is almost eliminated. At 300 mM NaCl and above, the NhaP-only strain shows
almost no growth at either pH 7.5 or pH 8.5.
At pH 6.5, the NhaP2-only strain grows approximately like the wild-type strain up to NaCl
concentrations of 300 mM, but growth clearly reaches a lower final cell density in stationary phase
at 500 mM NaCl. At pH 7.5, growth of this strain is similar to that of the wild-type strain up to a
NaCl concentration of 300 mM, but there is an extended lag phase followed by visibly slower
growth at 500 mM NaCl. At pH 8.5, growth of NhaP2-only is clearly slower than that of the wildtype strain even at 50 mM NaCl, and this difference becomes dramatically larger and is
accompanied by increasingly long lag times as the NaCl concentration is increased to 170 mM and
above.
The same general trends are visible in the dependence of initial growth rates on Na+
concentrations and pH, as shown in Fig. 4B. The NhaP2-only strain has the highest initial rate at
every pH, but the rate decreases rapidly with increasing Na+ concentrations at pH 7.5 and pH 8.5.
Figure 4B also highlights the very high Na+ concentration sensitivity of the NhaP-only strain at pH
7.5 and pH 8.5.
We also recorded growth curves for the quadruple antiporter deletion strain (ΔnhaB ΔnhaP
ΔnhaP2 ΔmrpA), which lacks functional expression of any of the four Na+/H+ antiporters in P.
aeruginosa. We initially compared the growth of this strain to that of the wild-type strain in 50 mM
NaCl at pH 7.5, relatively low sodium conditions under which the triple antiporter mutants (see
above) grew essentially like the wild-type strain (Fig. 4B). Even under these conditions, growth of
this strain is notably poor, with a much longer lag time, slower growth, and a lower final cell
density, compared with the wild-type strain. It was of interest to determine whether Na+ even at
this relatively low concentration presents a challenge to this Na+/H+ antiporter-less strain;
therefore, growth curves were repeated in medium without added NaCl (nominal Na+
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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concentration of 0 mM), at different NaCl concentrations ranging from 5 to 500 mM, and at pH
values from 6.5 to 8.5 (Fig. 4C to E).
At pH 6.5, the strain was able to grow when the NaCl concentration was 300 mM but not when
it was 500 mM (Fig. 4C). As the pH was increased, the Na+ sensitivity also increased. At pH 7.5,
growth of the mutant in the absence of added NaCl was very similar to that at 50 mM but with a
slightly shorter larger time (Fig. 4D). This lack of Na+ dependence between 0 mM (no NaCl added
to the medium) and 50 mM suggests that the difference in growth between this strain and the wildtype strain at 50 mM NaCl may not be a simple reflection of an inability to maintain Na+/H+
balance at this NaCl concentration. However, when the NaCl concentration was raised to 170 mM
NaCl (pH 7.5), growth of the Na+/H+ antiporter-less strain was much slower than that of the wildtype strain or any of the triple antiporter deletion mutants under these conditions (Fig. 4A), a result
that is almost certainly due to this strain's lack of Na+/H+ antiporter activity. At pH 8.5, the
quadruple mutant is much more sensitive to Na+ (Fig. 4E). Growth is slow even at 5 mM NaCl, and
the strain is unable to grow at all when the NaCl concentration is raised to 50 mM, consistent with
a severe deficit in the ability to adapt to even moderate Na+ concentrations. For comparison with
the triple Na+/H+ antiporter deletion mutants, the initial rates for the quadruple mutant are also
included in Fig. 4F to H.
Transcriptional changes in the ΔnhaB ΔnhaP ΔnhaP2 ΔmrpA mutant. To better
understand the consequences for the cell of removing Na+/H+ antiporters, we used NGS methods
(see Materials and Methods) to characterize the transcriptome of the quadruple deletion mutation
(ΔnhaB ΔnhaP ΔnhaP2 ΔmrpA), which lacks all Na+/H+ antiporters and has no effective Na+/H+
antiporter activity. An important reason for this analysis was to investigate the possibility that other
ion-exchange proteins are expressed to compensate for the loss of Na+/H+ antiporter activity. The
genome contains a number of genes annotated as ion exchangers, but no significant changes in
expression of these genes were detected.
We compared the wild-type and quadruple deletion strains grown to mid-exponential phase (4
h) and stationary phase (15 h) (Fig. 5). The greatest differences between the wild-type and mutant
strains were in exponential phase, where there were 202 genes with significantly increased
transcription (log2 fold change [FC] of >2, with adjusted P value of <0.05) and 269 genes with
significantly decreased transcription (log2FC of less than −2, with adjusted P value of <0.05). The
differences in stationary phase were smaller, with transcription of 45 genes being significantly
increased and that of 17 genes being significantly decreased (see Table S5). Among the
differentially expressed genes (DEGs) are ones coding for enzymes in pathways involved in:
virulence factor production, quorum sensing, biofilm formation, and metabolism. On the basis of
the DEGs identified, we chose four physiological traits of P. aeruginosa that appeared likely to be
affected in the quadruple deletion mutant, namely, pyocyanin production, biofilm formation,
anaerobic growth in the presence of nitrate, and growth on glycerol as the sole carbon source, and
investigated them further.

https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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FIG 5 (A) Differential expression of genes encoding the pyocyanin biosynthetic and PQS pathways in the ΔnhaB
ΔnhaP ΔnhaP2 ΔmrpA mutant, compared with the wild-type strain, during exponential and stationary phases of
growth in LB medium (pH 7.5) with 50 mM NaCl. A negative value indicates a decrease in expression in the ΔnhaB
ΔnhaP ΔnhaP2 ΔmrpA mutant, compared to the wild-type strain. Stars indicate significant changes in expression
with P values of <0.05. (B) Pyocyanin production in the wild-type (WT) strain and quadruple mutant at 4 h
(exponential phase) and 15 h (stationary phase) in LB medium (pH 7.5) with 50 mM NaCl. Pyocyanin
concentrations were measured at 690 nm (E = 4,130 M−1 cm−1). The error bars represent the standard deviations.
Stars indicate P values from Student's t test of <0.01.

Pyocyanin production. An important aspect of P. aeruginosa pathogenesis is the production
of the virulence factor pyocyanin, a bright blue phenazine compound. Pyocyanin is synthesized by
the phenazine biosynthesis pathway, which in turn is thought to be controlled by the
Pseudomonas quinolone signal (PQS) pathway (23).
Wild-type P. aeruginosa cells produce sufficient amounts of pyocyanin that cell cultures can
turn visibly blue during stationary phase. We previously noticed that, compared to the wild-type
strain, cultures of the quadruple mutant were less strongly colored, suggesting a decrease in
pyocyanin production. To investigate this further, pyocyanin production was measured in the wildtype strain and quadruple mutant. Cultures were grown to the same time points in the growth
curve that were used for the transcription analysis (4 h and 15 h), and pyocyanin was extracted
and quantified on the basis of its absorption at 690 nm (see Materials and Methods). As shown in
Fig. 5B, the quadruple mutant produces significantly less pyocyanin than wild-type P. aeruginosa
in both exponential and stationary phases.
The high-throughput RNA sequencing (RNA-seq) transcription level results for the genes
coding for enzymes in the phenazine biosynthesis pathway and the PQS pathway are shown in
Fig. 5A and Table S5. Results suggest differences in the transcription of genes in both of these
pathways. In exponential phase, there is a significant reduction in transcription of genes for the
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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PQS pathway. There appears to be less transcription of genes for the phenazine biosynthesis
pathway as well, although the size of the changes is small. The greatest differences in pyocyanin
production between the quadruple mutant and the wild-type strain are seen in stationary phase
(see above). The RNA-seq results for stationary phase are less clear. There are small increases in
transcription of genes for the PQS pathway, which would be consistent with increased pyocyanin,
but there are also small decreases in transcription of genes for the phenazine biosynthesis
pathway. A decrease in the activity of either one of the two pathways could lead to less formation
of pyocyanin, but the magnitude of the observed transcriptional changes appears small, compared
to the phenotypic observation.
Biofilm formation. Cultures of P. aeruginosa typically produce biofilm in late exponential and
stationary phases of growth. We noticed that the quadruple mutant strain appeared to produce
more biofilm than the wild-type strain. To test this systematically, the mutant and wild-type strains
were grown in 100-μl culture aliquots in 96-well plates, without agitation, for 4 h (exponential
phase) and 24 h (stationary phase, with mature biofilm), after which surface-attached biofilm was
quantified via the crystal violet staining protocol. Wells containing the quadruple deletion mutant
retained a greater amount of crystal violet stain, indicating that the quadruple mutant was
producing larger amounts of biofilm than the wild-type strain (Fig. 6A). Consistent with this, the
RNA-seq analysis showed that genes coding for enzymes involved in the production of Pel
polysaccharides, a well-known component of P. aeruginosa biofilms (24), were transcribed at
significantly higher levels (log2FC of >3, with adjusted P value of <0.01) during exponential growth
in the quadruple mutant (Fig. 6B; also see Table S5). It is worth noting that, although biofilm
formation and pyocyanin production are both related to virulence and are thought to be regulated
by the same quorum-sensing pathways in P. aeruginosa (23), this change in biofilm formation is
opposite that reported above for the production of pyocyanin. The divergence in expression
profiles indicates that the production of biofilm is being stimulated by some other means in the
quadruple deletion mutant.

FIG 6 (A) Biofilm quantification by crystal violet staining measured at 600 nm, normalized by OD500. Values are the
average from two biological replicates with 12 technical replicates each, and the error bars represent the standard
errors. (B) Differential expression of the pel operon in the ΔnhaB ΔnhaP ΔnhaP2 ΔmrpA mutant, compared with the
wild-type (WT) strain, during exponential and stationary phases of growth in LB medium (pH 7.5) with 50 mM NaCl.
A positive value indicates an increase in expression in the ΔnhaB ΔnhaP ΔnhaP2 ΔmrpA mutant, compared to the
wild-type strain. All expression changes are significant (log2FC of > 2, with P values of <0.05).

Nitrate metabolism. Some of the largest changes in transcription in the quadruple mutant,
compared to the wild-type strain, were for genes of the denitrification pathways (Fig. 7A). In
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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exponential growth phase, genes for two nitrate reductases (narGHJI and napEFDABC), a nitrite
reductase and donor cytochrome c551 (nirSMCFLGHJEN), nirQ, a nitric oxide reductase (norBC),
and a nitrous oxide reductase (nosRZDFLY), as well as several cooperonic genes encoding
hypothetical proteins (25), were all expressed at significantly lower levels in the quadruple mutant
than in the wild-type strain (Fig. 7A). These results suggested that the quadruple mutant might be
poorly equipped to grow under conditions in which denitrifying capabilities are needed. To test this,
mutant and wild-type cultures were grown under anaerobic conditions in a medium containing
nitrate (Luria-Bertani-Miller [LB] medium supplemented with 50 mM NaNO3). As shown in Fig. 7B,
under these conditions, the quadruple mutant grew very poorly, compared to the wild-type strain.
This difference is even greater than that observed under aerobic conditions and in the absence of
nitrate (Fig. 4B) and is consistent with the observed changes in gene transcription.

FIG 7 (A) Differential expression of the genes involved in denitrification in P. aeruginosa in the ΔnhaB ΔnhaP
ΔnhaP2 ΔmrpA mutant, compared with the wild-type strain, during exponential and stationary phases of growth in
LB medium (pH 7.5) with 50 mM NaCl. A negative value indicates a decrease in expression in the ΔnhaB ΔnhaP
ΔnhaP2 ΔmrpA mutant, compared to the wild-type strain. All expression changes are significant (log2FC of > 2, with
P values of <0.05). (B) Growth of the wild-type (WT) strain and the quadruple mutant in LB medium (pH 7.5) under
anaerobic conditions in the presence of 50 mM NaNO3. The growth curves are the average from two experiments
repeated three times, and the error bars represent the standard deviations.

Glycerol metabolism. The RNA-seq analysis also showed significant changes in transcription
of the genes involved in glycerol uptake and metabolism in the quadruple mutant (Fig. 8A). Genes
encoding transport proteins for glycerol (glpF) and sn-glycerol-3-phosphate (glpT) (26) were
expressed at significantly elevated levels, compared to the wild-type strain (log2FC of >3, with an
adjusted P value of <0.01) (see Table S5). Also, during exponential growth, the entire suite of
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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genes responsible for the glycerol degradation pathway, up to fructose-1,6-bisphosphate (26),
were expressed at significantly higher levels (Fig. 8A; also see Table S5), although expression of
these genes returned to wild-type levels in stationary growth phase.

FIG 8 (A) Differential expression of genes involved in glycerol uptake and metabolism in P. aeruginosa in the ΔnhaB
ΔnhaP ΔnhaP2 ΔmrpA mutant, compared with the wild-type strain, during exponential and stationary phases of
growth in LB medium (pH 7.5) with 50 mM NaCl. A negative value indicates a decrease in expression in the ΔnhaB
ΔnhaP ΔnhaP2 ΔmrpA mutant, compared to the wild-type strain. All expression changes are significant (log2FC of
> 2, with P values of <0.05). (B) Growth of the wild-type (WT) strain and the quadruple deletion mutant (ΔnhaB
ΔnhaP ΔnhaP2 ΔmrpA) in minimal medium (M9) (pH 7.5) with 20 mM glycerol as the sole carbon source. The
growth curves are the average from two experiments repeated three times, and the error bars represent the
standard deviations.

This suggested that the quadruple mutant might be better able to metabolize glycerol and use it
as a carbon and energy source, compared with wild-type P. aeruginosa. To assess this, mutant
and wild-type cultures were grown on a minimal medium in which glycerol (Fig. 8B) or glucose
(see Fig. S1) was the carbon source (M9 minimal medium with 20 mM glucose or 20 mM glycerol
and 50 mM NaCl). On the medium with glycerol, the quadruple mutant grew much more strongly
than the wild-type strain, with a longer exponential growth phase and a higher density at stationary
phase. On minimal medium with glucose, the wild-type strain and the quadruple mutant grew at
essentially the same rates (see Fig. S1).
DISCUSSION
As a step toward understanding the overall role of Na+/H+ antiporter activity in P. aeruginosa, we
constructed a strain with no Na+/H+ antiporters by deleting genes (or, in the case of Mrp, an
essential subunit) for all four Na+/H+ antiporters (ΔnhaB ΔnhaP ΔnhaP2 ΔmrpA). This strain,
together with the PAO1 wild-type strain, serve as background controls for the other strains
constructed for this project, which express only a single Na+/H+ antiporter. The strain without
Na+/H+ antiporters is able to grow reasonably well under some conditions of Na+ concentrations
and pH, but it always grows more slowly than wild-type P. aeruginosa, with a longer initial lag time,
and reaches a lower final cell density. At pH 6.5, this strain tolerates up to 300 mM NaCl. At pH
7.5, this strain tolerates 50 mM NaCl, but growth is almost eliminated at 170 mM NaCl. At pH 8.5,
it is much more sensitive to the Na+ concentration; the lag time increases dramatically in the
presence of 5 mM NaCl, and there is no detectable growth at 50 mM NaCl.
Transport assays using inside-out membrane vesicles and a fluorescence dequenching method
showed essentially no Na+/H+ antiporter activity in the quadruple deletion strain (Fig. 1),
confirming that the four identified (annotated) Na+/H+ antiporters, i.e., NhaP, NhaP2, NhaB, and
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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Mrp, are responsible for all Na+/H+ antiporter activity in P. aeruginosa. The Li/H+ antiporter activity
observed in the wild-type strain was also abolished in this strain, indicating that one or more of the
four enzymes identified as Na+/H+ antiporters is also responsible for Li+/H+ antiporter activity in P.
aeruginosa. However, the quadruple deletion strain showed significant K+/H+ antiporter activity. At
pH 7.5, this activity was almost as high as in the wild-type strain; at pH 8.5, it was approximately
one-half of that of the wild-type strain. This is almost certainly due to the presence of K+-selective
antiporters, of which there are three annotated in the P. aeruginosa genome, namely, PA3660,
PA3739, and PA5529. This makes it essentially impossible to evaluate the K+ selectivity of the four
Na+/H+ antiporters using the triple deletion strains constructed for this project (see below).
We also constructed four triple deletion mutants, each retaining only one of the four Na+/H+
antiporters. These strains made it possible for the first time to study the properties and roles of
each of these transporters independently in their native P. aeruginosa cells or isolated
membranes. All of these single-Na+/H+ antiporter strains were able to grow. Two of the four, i.e.,
the strains with only NhaB (ΔnhaP ΔnhaP2 ΔmrpA) or Mrp (ΔnhaB ΔnhaP ΔnhaP2), gave growth
curves very similar to that of the wild-type strain at Na+ concentrations up to 500 mM and at pH
6.5, 7.5, and 8.5 in rich medium (Fig. 4A; also see Table S3 in the supplemental material). The
strains with only NhaP (ΔnhaB ΔnhaP2 ΔmrpA) or NhaP2 (ΔnhaB ΔnhaP ΔmrpA) grew almost as
well as the wild-type strain at low Na+ concentrations, but they showed slower growth and longer
lag times as the Na+ concentration was increased, with greater sensitivity to Na+ at higher pH
values. The strain with only NhaP was the most sensitive to Na+, with large changes in the growth
curve being evident with 300 mM Na+ at pH 7.5 and with 170 mM Na+ at pH 8.5 and with growth
being essentially abolished with 300 mM Na+ at pH 8.5. The strain with only NhaP2 showed clear
growth defects with 300 mM at pH 7.5 and with 170 mM at pH 8.5 but was able to grow under all
conditions tested, albeit with long initial lag times.
These results highlight the importance of studying the P. aeruginosa antiporters in situ in their
native context. Previously, some of the Na+/H+ antiporters from P. aeruginosa were expressed
individually in a strain of E. coli (KNabc) from which all Na+/H+ antiporters had been removed (10).
E. coli cells expressing NhaP were able to grow with Na+ concentrations up to 300 mM, while E.
coli cells expressing NhaB were unable to grow well above Na+ concentrations of about 150 mM
(10). In contrast, as described above, the P. aeruginosa mutant with only NhaP is much more
sensitive to Na+ than is the mutant with only NhaB. It is worth noting that these antiporters were
expressed in E. coli from a plasmid (pBR322) that is typically present in multiple copies per cell
(10), whereas antiporter genes were expressed natively from the genome in the P. aeruginosa
deletion strains used in the current study.
Two of the Na+/H+ antiporters, i.e., NhaB and Mrp, seem to be able to support robust growth of
P. aeruginosa on their own, while the other two, i.e., NhaP and NhaP2, are both unable to support
robust growth under some conditions of higher Na+ concentrations and pH values. Interestingly,
NhaB and Mrp are thought to be electrogenic (2 H+ to 1 Na+ and 3 H+ to 2 Na+, respectively [15,
19]), whereas NhaP and NhaP2 are thought to be electroneutral (13, 16). In NhaB and Mrp, every
transport event changes not only the concentrations of Na+ and H+ on the two sides of the
membrane but also the electrical component of the membrane potential (ΔΨ), since unequal
numbers of charges are transported. In both cases, more H+ ions than Na+ ions are moved. This
could be an advantage when the bacteria need to remove Na+ from the cells using the driving
force from a H+ gradient, particularly at high external Na+ concentrations and high pH values (low
H+ concentrations), since the electrical potential (ΔΨ) would contribute to the energy available
from net inward transport of one charge per catalytic cycle. In this situation, electroneutral Na+/H+
https://journals.asm.org/doi/epub/10.1128/JB.00284-21
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antiporters would not draw energy from the electrical potential (ΔΨ), thus possibly explaining why
the strains with only NhaP or NhaP2 show growth defects as the Na+ concentration and pH are
increased.
Construction of the four strains, each with a single Na+/H+ antiporter, also made it possible to
measure the activity of each antiporter separately, over a range of Na+ concentrations. The results
were analyzed using a Michaelis-Menten model to give apparent Na+ affinities (Km) and (relative)
maximum transport rates (Vmax) (Table 1). This is the first kinetic characterization of NhaP2 and
Mrp from P. aeruginosa and the first time that Km and Vmax values have been reported for the
remaining Na+/H+ antiporters from P. aeruginosa in their native membranes; previous reports for
NhaB and NhaP were for the P. aeruginosa enzymes expressed in a Na+/H+-antiporter-less strain
of E. coli (9, 10).
For NhaP2, we obtained Km values of 4.0 ± 1.6 mM at pH 7.5 and 1.5 ± 0.7 mM at pH 8.5.
There are no published values for the P. aeruginosa NhaP2 in any background to compare with
these findings, but a Km value of 1.04 mM at pH 7.5 was reported for the enzyme from V. cholerae
expressed in E. coli (16). For Mrp, we obtained Km values of 2.6 ± 0.5 mM at pH 7.5 and 3.3 ± 0.5
mM at pH 8.5. The P. aeruginosa Mrp has been expressed in E. coli and its activity measured as a
function of pH (12), but no Km has been reported. The Mrp from V. cholerae expressed in E. coli is
reported to have a Km of 1.3 mM at pH 9.0 (18). The Mrp transporters from various Bacillus and
Staphylococcus species have been reported to have much higher affinities for Na+. The enzyme
from Bacillus pseudofirmus had a Km of 0.24 mM at pH 8.0 when expressed in E. coli and a Km of
0.4 mM at pH 8.0 in a reconstituted membrane system (27). The Mrp from Bacillus subtilis
expressed in E. coli was reported to have a Km of 0.1 mM at pH 7.5. The Mrp from
Staphylococcus aureus expressed in E. coli was reported to have a Km of 0.13 mM at pH 7.5 (28).
For NhaB, the Km values of 0.7 ± 0.2 mM at pH 7.5 and 1.0 ± 0.1 mM at pH 8.5 are in
reasonable agreement with the reported value of 1.3 mM at pH 8.0 for the P. aeruginosa NhaB
expressed in E. coli (10). However, both sets of values are quite different from those reported for
the native E. coli NhaB, i.e., 16.6 mM at pH 7.2 and 3.4 mM at pH 7.6 (15). In the case of NhaP,
the current Km value of 6.7 ± 0.6 mM at pH 7.5 is consistent with the value of 6 mM at pH 7.5 for
the P. aeruginosa NhaP expressed in E. coli (10).
Of the four Na+/H+ antiporters of P. aeruginosa, only NhaB catalyzes strong Li+/H+ exchange
(Fig. 4B and C). NhaP and Mrp can apparently catalyze low levels of Li+/H+ exchange, especially
at higher pH values. NhaP2 seems to have no effective Li+/H+ exchange activity but is thought to
catalyze K+/H+ antiporter activity (16). Li+/H+ exchange by NhaB is consistent with a report by
Kuroda et al. (10) that a strain of E. coli that expressed the P. aeruginosa NhaB was able to grow
well in the presence of Li+.
The deletion of all Na+/H+ antiporters from P. aeruginosa in the quadruple mutant resulted in
widespread changes in gene transcription in both exponential and stationary growth phases. We
did not see changes in any gene annotated as an ion transporter, indicating that there is no direct
compensation for the loss of Na+/H+ antiporter activity. Some of the changes in gene expression
led to clear predictions of physiological changes in the quadruple mutant, which we were able to
confirm. These included a decrease in the production of the virulence factor pyocyanin, an
increase in biofilm formation, an increase in glycerol metabolism, and a decrease in the ability to
use nitrate as the final electron acceptor during anaerobic growth.
The fact that two of the four Na+/H+ antiporters, i.e., NhaB and Mrp, were able to sustain robust
growth under all of the conditions we studied highlights the question of why P. aeruginosa has four
Na+/H+ antiporters. Electrogenic Na+/H+ antiporters that transport fewer Na+ ions than H+ ions per
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cycle would be advantageous for generating a Na+ gradient from a H+ gradient, especially at high
pH values, since transport would derive driving force from the electrical component of the
electrochemical membrane gradient, as well as the chemical component. The role of the
electroneutral Na+/H+ antiporters is less clear, but they could confer a relative advantage for
generating a H+ gradient from a Na+ gradient. The fact that P. aeruginosa has two electrogenic
and two electroneutral Na+/H+ antiporters suggests that the individual transporters have
specialized roles that we have not discovered. This idea is supported by the report that a deletion
mutant lacking only Mrp is unable to colonize the lungs of mice (12). The widespread changes in
gene transcription in the quadruple mutant suggest a similar conclusion. The mutants constructed
for this project, which allow each of the four Na+/H+ antiporters of P. aeruginosa to be studied in its
physiological background, together with the strain lacking all Na+/H+ antiporters, provide windows
through which to investigate these issues.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The wild-type Pseudomonas aeruginosa strain
PAO1 was purchased from the University of Washington strain collection (29). Mutant strains
employed in this work are listed in Table S1 in the supplemental material. All P. aeruginosa and E.
coli strains were grown in LB broth (unless otherwise specified) at 37°C with constant shaking at
200 rpm. For P. aeruginosa sodium-sensitive mutants, the Na+ concentration in the LB medium
was adjusted appropriately. Gentamycin was used at 25 μg/ml for E. coli and at 50 μg/ml for P.
aeruginosa.
Construction of Na+/H+ antiporter deletion mutants. Gene deletion mutants were
constructed according to a two-step allelic exchange protocol adapted from the report by Hmelo et
al. (30). Briefly, DNA flanking regions of the gene of interest were cloned using NEBuilder (New
England Biolabs) as a continuous sequence in the allelic exchange suicide vector pEX18. Primers
used in the construction and verification of mutants are listed in Table S2.
The mutant constructs were transformed into the conjugative E. coli donor strain S17 λpir by
electroporation and subsequently introduced into the desired P. aeruginosa strain by biparental
conjugation (30). Gene deletions were confirmed by DNA sequencing (Eurofins Genomics,
Louisville, KY, USA).
Growth curves. Cultures were inoculated to a starting optical density at 500 nm (OD500) of
0.05 in a 200-μl volume and grown in a covered 96-well plate (Costar transparent flat-bottomed
plate). Bacterial growth was monitored by following the OD500 at 37°C, with continuous orbital
shaking at 217 rpm, in a plate reader (Tecan Infinite Magellan M1000 Pro). The OD500 was
measured every 30 min. LB medium supplemented with 60 mM Bis-Tris propane (BTP) and
different concentrations of NaCl was used to evaluate changes in pH and NaCl concentrations.
Minimal medium growth conditions. Cells were also grown in minimal (M9) medium with 20
mM glucose, 20 mM sodium malate, or 20 mM glycerol as the carbon source and 50 mM NaCl.
Anaerobic growth. Cells were grown in 10 g/liter tryptone, 5 g/liter yeast extract, 50 mM
NaNO3, under anaerobic conditions in a Coy anaerobic chamber at 37°C. Overnight aerobic
cultures were diluted in fresh medium to a starting OD500 of 0.05 under anaerobic conditions.
Cells were grown in sealed anaerobic tubes at 37°C with agitation at 200 rpm, and the culture
density was measured every 2 h via OD500 measurements.
Na+/H+ antiporter activity. For assessment of the antiporter activities, cultures were started
from overnight cultures at a starting OD500 of 0.05 in 1 liter of LB medium and grown until early
stationary phase (∼16 h). Cells were harvested and washed with ∼50 ml TCDG buffer (10 mM TrisHCl [pH 7.5], 140 mM choline chloride, 10% glycerol, and 0.5 mM dithiothreitol) by centrifugation at
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3,870 × g for 30 min at 4°C. Cell pellets were resuspended in 35 ml TCDG buffer supplemented
with phenylmethylsulfonyl fluoride (PMSF) (Thermo Fisher Scientific) and DNase I (SigmaAldrich). Everted vesicles were prepared by passing cells through a French pressure cell at
10,000 lb/in2. Cell debris was removed by centrifugation at 11,952 × g for 30 min at 4°C. The
membrane fraction was obtained by centrifugation at 185,511.4 × g for 2 h at 4°C. Membranes
were resuspended and homogenized in a small volume of TCDG buffer and frozen at −80°C until
used. Protein concentrations were measured in triplicate using the Pierce Rapid Gold
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific).
Antiporter activity was measured by monitoring the changes in fluorescence of acridine orange
as reported by Rosen (31). Aliquots of everted vesicles (50 μg of protein) were mixed with BTP
buffer (50 mM BTP, 140 mM choline chloride, 5 mM MgCl2 [pH 7.0 to 8.5]) containing 1 μM acridine
orange (Thermo Fisher Scientific). Measurements were carried out in a Spex Fluorolog Tau-3
fluorescence spectrophotometer (Horiba) with an initial 3-min incubation at 25°C with stirring.
Changes in fluorescence were assessed with excitation at 490 nm, emission at 525 nm, and 2.25nm slits. The fluorescence signal was monitored for 100 s, after which 20 μl of 250 mM Tris
succinate was added to the solution to produce a proton gradient. As a result of the proton flux,
acridine orange became sequestered within membrane vesicles, causing quenching of
measurable fluorescence. A period of 250 s was allowed for the system to reach steady-state
fluorescence, representing Q0. The desired concentration of Na+ was then added to stimulate the
Na+/H+ antiporter activity, resulting in a proportional recovery of fluorescence (ΔQ). Fluorescence
dequenching was monitored for 100 s following the addition of Na+. Then, 2 mM NH4Cl was added
to collapse the proton gradient (Qmax). Cation/H+ antiporter activity was calculated as follows:
ΔQ/(Qmax − Q0) × 100. This assay was conducted using Na+, Li+, and K+ as substrate ions.
Michaelis-Menten fitting and kinetic parameter calculation were carried out with GraphPad Prism 6
software.
RNA sequencing. The wild-type strain and the quadruple deletion mutant were grown in 50 ml
of LB medium containing 50 mM NaCl. Cell cultures were started at an OD500 of 0.05; 1.5 × 108
cells were removed from cultures at mid-exponential (4 h) and stationary (15 h) phases and
harvested by centrifugation at 16,000 × g for 1 min at 4°C. Pellets were washed with 1 ml of cold
phosphate-buffered saline (PBS) and stored at −80°C in RNAlater solution (Thermo Fisher
Scientific). RNA extraction and processing, library preparation, and Illumina sequencing were
performed by GENEWIZ (South Plainfield, NJ, USA). GENEWIZ processed the resulting data as
follows: reads were evaluated for sequence quality and trimmed using Trimmomatic (32). Trimmed
reads
were
mapped
to
the
P.
aeruginosa
reference
genome
(https://www.ncbi.nlm.nih.gov/genome/?
term=Pseudomonas+aeruginosa%5BOrganism%5D+PAO1) using the Bowtie2 aligner (33), and
unique gene hit counts were calculated using featureCounts from the Subread package (34).
Differential gene expression analysis was carried out using DESeq2 (35). The Wald test was used
to generate log2FC and P values.
Pyocyanin assay. Pyocyanin was measured according to a protocol adapted from that
outlined previously (36, 37). Fifty-milliliter cultures in LB medium containing 50 mM NaCl were
inoculated at a starting OD500 of 0.05 and grown to mid-exponential (4 h) and stationary (15 h)
phases. Three 5-ml aliquots were removed from the cultures and centrifuged at 1,935 × g for 30
min at 25°C to remove the cells. Supernatants were transferred to a clean tube and extracted with
1 to 3 ml of chloroform. The organic phase was separated by centrifugation, and the solvent was
evaporated under a N2 stream. The remaining dried material was resuspended in 1 ml 50 mM Trishttps://journals.asm.org/doi/epub/10.1128/JB.00284-21
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HCl (pH 8.0). The absorbance of the solution was measured at 690 nm, and the concentration of
pyocyanin was determined using an extinction coefficient of 4,130 M−1 cm−1 (36).
Biofilm quantification. Biofilm production was measured according to a reported previously
method (36) adapted from that of Tram et al. (38). Overnight cultures were grown and diluted in
fresh medium to a starting OD500 of 0.5. One-hundred-microliter aliquots of the starter culture
were transferred to a 96-well plate (Costar flat-bottomed plate) and incubated at 37°C without
agitation for 4 h (exponential phase) and 24 h (stationary phase, with mature biofilm). The culture
supernatant was removed from each well, leaving behind the surface-attached biofilm. Wells were
washed three times with 100 μl distilled H2O and incubated for 15 min with 20 μl of a 1% (wt/vol)
crystal violet solution. Wells were again washed three times with 100 μl distilled H2O to rinse out
excess crystal violet. The remaining biofilm-associated crystal violet was extracted with 100 μl of
modified biofilm-dissolving solution (10% [wt/vol] SDS and 80% ethanol) (38). The solution was
then transferred to a fresh 96-well plate, and biofilm production was quantified by measuring the
crystal violet absorbance at 600 nm (Tecan Infinite Magellan M1000 Pro).
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